Researchers have developed a cell stretching device to mimic the in vivo mechanical environment in vitro in order to investigate cell mechanotransduction. Cyclic stretch is involved in lengthening and relaxation phases. Cells may respond to mechanical stimulation rapidly within a few seconds, and sudden disruption of cell cytoskeletons may also occur at any point in any phase of cyclic stretch. However, until now, no research has been done to establish a method of collecting cell images at the two phases of cyclic stretch. Because image processing is time-consuming, it is difficult to adjust focus and collect high-resolution images simultaneously at the two phases during the process. In this study, a three-motorized-stage system was developed to meet the requirements. The results demonstrated that linear compensation is effective for cell imaging, and it is applicable to have a feed-forward control method without image processing. A method was then developed to determine the maximum displacement of the target in the horizontal and vertical directions, and the linear compensation waveforms were designed using the C program automatically and immediately before stretching. Further, the cyclic stretch was applied to cells using the three motorized stages, and clear phase-contrast cell imaging (30 fps) were obtained almost at any point in time. Detailed cell changes such as sudden disruption of cell-cell junctions, not only long-term cell response, were observed. Therefore, our study established a methodology to greatly improve the time resolution of imaging of cyclic stretch for the research of detailed cellular mechanotransduction.
Introduction
Cells in vivo are exposed to various mechanical forces [1] [2] [3] [4] [5] . For example, endothelial cells, which line the interior surface of blood vessels and lymphatic vessels, are mainly exposed to three types of mechanical forces: (1) shear stress caused by blood shear flow; (2) cyclic stretch results from vasodilation; and (3) hydrostatic pressure from blood pressure [6, 7] . In vivo cells sense mechanical forces and have appropriate morphological responses, which plays an important role in health maintenance. For example, it has been reported that atherosclerosis is always located at the bifurcation of the artery, where the mechanical forces and cell morphology are different from those in uniform linear blood vessels [8, 9] . Over the past 30 years, many researchers have attempted to study the mechanisms by which cells perceive and respond to mechanical forces, which may provide new types of drug targets that are different from those discovered from chemical methods [10] [11] [12] .
Cyclic stretch is an in vitro method to investigate the influence of mechanical forces on a population of cells [13, 14] . Figure 1a shows a diagrammatic sketch of a typical cell cyclic stretch system. Dimethylpolysiloxane (PDMS) is usually used as the material for the membrane in the commercially available stretch chamber, because it is deformable, biocompatible, and optically transparent [4, 15, 16] . At the beginning of the experiments, cells are cultured on an elastic membrane for 24 hours or longer before exposure to cyclic stretch, a process that enables the cells to adhere firmly onto the membrane [14, [17] [18] [19] . After that, the stretch chamber filled with 1~2-mL cell culture medium was set to one or two motorized stages, which cyclically stretched the chamber according to the experimental design of researchers [20] .
The role of cyclic stretching in cell behavior was investigated through real-time visualization of the morphology of living cells and the internal structures during the process of cyclic stretching, because the cellular response to mechanical forces is a process ranging from less than 1 second to several days [21] [22] [23] [24] [25] [26] [27] . It has been reported that the size of focal adhesions in vascular smooth muscle cells increased significantly after exposure to cyclic stretch for 2 min [28] . Goldyn et al. recorded cell behaviors every 5 min during an experimental process of 115 min and found that, when they measured the activity of RhoA (a small guanosine triphosphatase (GTPase) protein), it increased significantly after exposure to cyclic stretch for 10 min compared to that in the initial state [29] . Naruse et al. pointed out that the kinase activity of c-src increased and peaked at 15 min after an application of uni-axial cyclic stretch in human endothelial cells [30] . On the other hand, it has been reported that cells had an immediate viscoelastic response after exposure to mechanical forces, and had adaptive behavior within 15 s, or a shorter time (less than 1 s) [31] [32] [33] [34] . It is not possible to obtain the rapid responses of cells to mechanical cyclic stretching by using phenomena observed at discrete time points. Further, instead of gradual cell changes, quick structural disruption, such as the sudden disassociation of a actin-myosin apparatus, may occur at any time point during the periods of experiments [35] , the imaging timing cannot be designed prior to the experiments. Therefore, it is useful to improve the time resolution to figure out the continuous or sudden cell responses under cyclic stretch. In addition, a cyclic stretch system for real-time imaging without stopping the system is useful in studying the mechanical dynamics of some cellular components that are not suitable for immobilization, such as Ca 2+ and phospholipids [36] [37] [38] .
Even today, the details of cell rapid responses induced by cyclic stretch have not been fully understood. Part of the reason is that it is difficult to observe the cells in real time, or the time of occurring during the stretching experiment is unexpected. As shown in Figure 1b , the cell culture medium may subtly influence the bottom surface of the elastic membrane because of its gravity. When stretched, the target on the membrane moves horizontally out of the field of view of the microscope. Therefore, previous studies have attempted to design a cyclic stretch system that compensates the movement in the horizontal direction [16, [38] [39] [40] . Huang et al. developed a system for cell cyclic stretch, and time-lapse images of cells were acquired every 3 min after the motor was held at the stretched position for~30 s [39] . Similarly, Wang et al. designed a stretch system using PDMS membrane and a vacuum chamber. Upon the application of vacuum, the elastic membrane stretched and moved closer to the bottom glass slide and living cell images were obtained after relaxing the cells to their original state [38] . However, from the previous studies, we know that the bottom surface has a vertical shift, which always results in out-of-focus images. Furthermore, the vertical shift could not be deleted even when researchers tried to fabricate and use a micro-scale chamber [41, 42] . Therefore, in order to record a real-time movie of cells exposed to cyclic stretch during each cycle of cyclic stretching, it is necessary to consider the displacement trajectory of the stretch chamber in the vertical direction at each time point to control the motorized stage in real time.
To solve this problem, we measure the displacement characteristics of a stretch chamber, and newly propose a methodology to establish a cell cyclic stretch system. By using the technique that can track the target, such a stretch system can perform on-line cell observation during each cycle of cyclic stretching.
Through the basic experiments, the performance of the developed system was confirmed. By using our method, the position of the target cell is maintained under the microscope, and the deformed cells are easily monitored even in a dynamic state in which a high magnification lens is used. A part of this work has been reported as a proceeding of a conference [43] .
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Required Specifications
Shift compensation in the horizontal and vertical direction in real-time without manual compensation is required. As shown in Figure 1b , the stretch chamber is stretched in the horizontal direction to mimic the mechanical stretch in vivo. Under the stretching, it is difficult to continuously observe the targeted single cell, since the position of the cell is moved out from the field of view of the microscope. Further, the trajectory of the vertical displacement is unknown during the lengthening-holding-relaxation cycle (Figure 1b,c) , which must be compensated for the high-resolution imaging at any time point during the experiments. Conventional systems only focus on imaging before or after the experiments or during the lengthening/relaxation phases, and imaging was only possible at the desired time point. Therefore, a system capable of real-time compensation is required to achieve cell monitoring with a high time resolution. We tried to observe the dynamic behavior of cells exposed to cyclic stretch in real-time during each cycle of cyclic stretching without stopping the system. Therefore, to have on-line observation, the displacement δx (horizontal) and δz (vertical), as shown in Figure 1b , must be accurately compensated at every time point. To compensate the δx and δz, we fixed the stretching stage to the other X-and Z-stage, as shown in Figure 2a . A displacement of the chamber is created when the chamber is stretched by stage 1 in the horizontal direction (x-direction). In order to cancel the displacement, stage 2 is moved in the opposite direction, as shown in Figure 2b . Meanwhile, for the purpose of maintaining the focal point of the microscope, stage 3 is also moved accordingly. We tried to observe the dynamic behavior of cells exposed to cyclic stretch in real-time during each cycle of cyclic stretching without stopping the system. Therefore, to have on-line observation, the displacement δx (horizontal) and δz (vertical), as shown in Figure 1b , must be accurately compensated at every time point. To compensate the δx and δz, we fixed the stretching stage to the other X-and Z-stage, as shown in Figure 2a . A displacement of the chamber is created when the chamber is stretched by stage 1 in the horizontal direction (x-direction). In order to cancel the displacement, stage 2 is moved in the opposite direction, as shown in Figure 2b . Meanwhile, for the purpose of maintaining the focal point of the microscope, stage 3 is also moved accordingly. 
Developed System
The system was developed based on the concept as shown in Figure 3 . It consists mainly of a laptop PC, a stage driver box, a stage unit, and a microscope. The motorized stages with desired waveforms were driven by the stage controllers according to the digital pulses from PC. The specifications of each system component are listed below:
• An inverted microscope with 40× objective lenses was used for image and video capture (Olympus Inc., Tokyo, Japan In this study, we designed the cyclic stretch system based on a commercially available uniaxial stretch chamber (Figure 3c ), which can be purchased from STREX Inc. (STREX Inc., Osaka, Japan), and has been used by more than 100 research studies around the world [27, [44] [45] [46] . Because it has been reported that the elastic membrane was uniformly stretched over the whole membrane area and deformation in the direction perpendicular to the stretch axis did not exceed 1% at 20% stretch (4 mm stretch) [4] , it is supposed that at most of the points on the stretchable membrane, the displacement in the y-direction is small enough and can be neglected during the x-direction 
• An inverted microscope with 40× objective lenses was used for image and video capture (Olympus Inc., Tokyo, Japan). In this study, we designed the cyclic stretch system based on a commercially available uni-axial stretch chamber (Figure 3c ), which can be purchased from STREX Inc. (STREX Inc., Osaka, Japan), and has been used by more than 100 research studies around the world [27, [44] [45] [46] . Because it has been reported that the elastic membrane was uniformly stretched over the whole membrane area and deformation in the direction perpendicular to the stretch axis did not exceed 1% at 20% stretch (4 mm stretch) [4] , it is supposed that at most of the points on the stretchable membrane, the displacement in the y-direction is small enough and can be neglected during the x-direction extension. In this study, we only investigated the displacement of targets on the membrane in the horizontal and vertical directions to establish a compensation waveform.
d (lower figures).
Here, when the R-squared value is larger than 0.95, the fitting is regarded as an appropriate one. From the results, it was confirmed that the movement of cells on the membrane can be compensated by the linear movement of stage 2 in the horizontal direction. The method to measure the maximum position shift will be demonstrated later. 
Displacement Characteristics in the Horizontal and Vertical Direction for the Design of Compensation Waveforms
As shown in Figure 2b , for chamber stretching, we used the same method to that of the conventional apparatus. One end of the chamber was fixed, while the other end was stretched by a movable frame driven by stage 1 (Figure 2a ) [4] . The displacements of the points on the stretch chamber in the horizontal direction were different from the fixed end to the movable end. In this study, in order to establish a methodology for the sophisticated cyclic stretch system, we used a demonstration system to investigate the displacement characteristics of the chamber exposed to 10% cyclic stretching, the magnitude of which is comparable to that of vascular cells caused by vasodilation [7, 47] .
Because processing images during the stretching and relaxation periods (e.g., several seconds) is challenging, it is ideal to control the movement of stage 2 and 3 based on the knowledge about the position shift of the cells on the chamber membrane (feed-forward). Therefore, in order to determine the feasibility of feed-forward control and design the compensation waveforms, we measured the deformation waveforms in the horizontal and vertical directions. As shown in Figure 4a , several markers were drawn on the chamber membrane with an interval of 3 mm for the measurement of displacements. In this study, we focused on and investigated the displacement trajectories of the markers approximately 6 mm from the center of the chamber. The first reason is that the maximum vertical displacement of the chamber fixed at two ends should be located in the center due to the gravity of the culture medium. We want to confirm if the heavy vertical displacement around the center point will cause an unexpected trajectory. In addition, researchers tend to focus on the targets (cells) in the center because they generally believe that the deformation of the chamber near the membrane edge may not be uniform. In this study, the points used to investigate the vertical displacements are not always the ones used for horizontal displacement calibration. The reason is that we first considered the symmetry of the chamber design, and selected the representative points at the lower right corner, and then investigated some points at the upper left corner to randomly increase the testing points. This methodology of compensating for chamber displacements can be used for various studies. Movies of markers were recorded at a frame rate of 30 fps when the chamber was exposed to cyclic stretching. First, the horizontal displacements were investigated. Before stretching, the target was set to the center of the microscope's field of view (FOV). Horizontal movements of the center point (point 3) and the two points on the left (point 2) and right (point 4) sides were recorded by a camera set under the chamber. Displacements were calculated from the captured images with a resolution of approximate 13 µm/pixel using imageJ (NIH, Bethesda, MD, USA), and the interval of image capture for analysis was approximate 0.1 s. From Figure 4b -d, the waveforms were confirmed to be almost linear with high similarity even at different points. In addition, δx (horizontal) was always smaller than the stretch volume. Furthermore, the accurate compensation by stage 2 was not required due to sufficient FOV of the microscope (235 × 133 µm at 40×) compared to the stage positioning accuracy (2 µm). As a result, the on-line compensation did not require a perfect waveform. In other words, the δx (horizontal) value at the desired measurement point before the experiment can be measured, and compensate with the interpolated waveform in an actual cell experiment.
In order to capture the feature of the waveform, a curve fitting was obtained through the Fitting Function Builder of Origin 2017 (OriginLab Corporation, Northampton, MA, USA) with the following C program. The displacement was assumed to be x d .
M and N are the data number at the end of the stretching process and the starting point of the relaxation phase. A and D are the slope of the lengthening and relaxation phase, respectively, and B and E are the intercept values for each line. K is the value of maximum displacement of a target after the chamber is stretched. Here, we supposed that the stretching and relaxation phases are linear, and further, A = −D, which simplifies the control of stage 2. That is, if the maximum position shift of a point on the membrane in the horizontal direction is known, the average movement speed of the motor during the stretching process can be calculated. Moreover, the shift can be compensated by the linear movement of the stage. The goodness of the fit is shown in Figure 4b-d (lower figures) . Here, when the R-squared value is larger than 0.95, the fitting is regarded as an appropriate one. From the results, it was confirmed that the movement of cells on the membrane can be compensated by the linear movement of stage 2 in the horizontal direction. The method to measure the maximum position shift will be demonstrated later.
Second, the design of the vertical compensation waveforms of stage 3 was conducted based on the analysis of the vertical shift of these markers on the chamber membrane. By using a laser displacement sensor (KEYENCE Inc., Osaka, Japan) fixed on a robust aluminum structure under the chamber, the vertical displacement of the chamber at the points can be measured during the stretching and relaxation processes. Further, the position under each marker was painted with a silver permanent marker for the reflection of the laser beam. Firstly, we measured the shift of the membrane without adding culture medium into the chamber. Here, the sampling interval was set to be 3 ms. As shown in Figure 5b -e, when the chamber was exposed to stretching of a frequency of approximate 0.17 Hz, the vertical displacement waveforms at points 3, 4, 5, and 6 showed a repeatability feature similar to the stretching waveform of stage 1, although there may be slight non-linearity when compared with the displacement waveforms in the horizontal direction.
Analysis of the displacement waveforms in the vertical direction was conducted using Origin 2017 (OriginLab). In order to cut off the noise, a fast Fourier transformation (FFT) filter was used to obtain data smoothing with points of the window at 10. Next, as mentioned above, because the displacement waveforms possess a repeatability feature, a stretching-holding-relaxation cycle was extracted and used for the design of compensation waveforms. We expected that a linear waveform can also be used to compensate for the most part of the vertical shift, although there may be some instantaneous position aberrations during a cycle when the compensation waveform is linear. Therefore, similar to the curve fitting process in the horizontal direction, Formula (1) was used to perform the curve fitting. Figure 5b -e (lower) shows the waveforms at position 3, 4, 5, and 6 before and after smoothing using FFT filters. Curve fitting results of a stretching-holding-relaxation cycle are shown under the corresponding displacement waveforms. Here, a high R-square of above 0.95 was obtained for each displacement waveform, which reveals that the trendline was reliable and could be used as the rough trajectory of the movement of stage 3. To further confirm that the vertical shift waveform during the stretching and relaxation phase can be fitted using a linear approximation method, the displacement waveform in the vertical direction at a different frequency (0.25 Hz) was investigated. As shown in Figure 6b ,c, a linear function fit well to the set of data of a stretching or relaxation phase of the vertical shift at point 1 or 2. Further, in order to mimic realistic conditions close to an actual cell experiment with 1-mL culture medium, 1 mL of water was added into the stretch chamber before measuring the displacement of targets. The vertical displacement waveform can be also fitted with linear waveforms at the stretching or relaxation phase (Figure 7) , which demonstrates practical application in cell monitoring when exposed to cyclic stretching.
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to (e), original data is in light blue and filtered data in orange. The lines with color in purple, blue, and black are the lines fitting for the lengthening, holding, and relaxation phases, respectively. After the design of the compensation waveform, the next was to establish the methodology to determine the maximum local displacement in the horizontal and vertical direction. Here, we have developed a method to determine the maximum volume of compensation online for the first cycle by pressing the PC ENTER button, and after that, the cyclic stretch starts automatically and immediately, as shown in Figure 8 . The process was performed at the beginning of all experiments, and the details are as follows. First, before stretching, adjust the focus, recognize and select the targets (a marker or cell for live imaging) by human eyes at any point on the membrane. After pressing the enter key to start stage 1, the chamber stretches at the desired speed and leads to membrane displacement in the horizontal and vertical directions. Second, stage 2 moves slowly at a speed of 10 µm/s in the opposite direction of stage 1. Since the speed can be changed easily in the control program of stage 2, a sufficiently slow speed is achieved, and the targeting point can be recognized by human eyes during the period stage 2 movement. When the recognized target comes back to the center of the microscope's field of view, the movement of stage 2 is stopped by pressing the ENTER key, and the displacement of stage 2 is used as the maximum compensation value in the horizontal direction. The target is out of focus due to the vertical shift of the chamber membrane. Next, push the enter key to start the movement of stage 3 to adjust the focus. Normally, since it is necessary to lower the position of the stretched chamber, stage 3 moves in the lower direction. After the target is brought into focus, press the enter key to stop stage 3, and the maximum compensation in the vertical direction is obtained. Since the stretching, holding, and relaxation time periods are fixed, moving speeds of stage 2 and 3 are calculated as the maximum compensation values divided by the time period. Therefore, moving speeds are obtained for the three stages, and cyclic stretch starts immediately with the desired stretching speed.
Appl. Sci. 2019, 9, x FOR PEER REVIEW 10 of 23 Figure 7 . The vertical displacement trajectory of point 3. 1 mL water was added to the stretch chamber before measuring. Lower: the fit results of the stretching/holding/relaxation phases. Original data is in light blue and filtered data in orange. The lines with color in purple, blue, and black are the lines fitting for the lengthening, holding, and relaxation phases, respectively.
Second, the design of the vertical compensation waveforms of stage 3 was conducted based on the analysis of the vertical shift of these markers on the chamber membrane. By using a laser displacement sensor (KEYENCE Inc., Osaka, Japan) fixed on a robust aluminum structure under the chamber, the vertical displacement of the chamber at the points can be measured during the stretching and relaxation processes. Further, the position under each marker was painted with a silver permanent marker for the reflection of the laser beam. Firstly, we measured the shift of the A diagrammatic sketch of the method to determine the maximum displacement values in the horizontal and vertical directions. The C program was used to control the three stages and record the movements of stages 2 and 3 automatically before cyclic stretching. The linear compensation waveforms were formed automatically with the C program for the lengthening, holding, and relaxation phases based on the record. Cyclic stretching was started only after the recognition of the target by human eyes and by pressing the ENTER key.
Results
Effectiveness of the Compensation Waveforms
We can measure the vertical displacement of any point within tens of seconds before the beginning of cyclic stretching and establish the corresponding waveforms for real-time imaging.
In this experiment, first, we used a marker imitating a single cell which is in the center of the chamber to test the effectiveness of the demonstration system. The compensation waveform for each point was obtained according to Formula (1). The chamber was stretched (lengthened) at a constant speed of 2 mm/s for a stretching distance Sd = 2 mm (Figure 2b) , and then shortened to the original length. Images were taken by a 40× objective lens during the experiments. As shown in Figure 9 , using only stage 1, the marker was clearly moved out of the microscope's FOV. With the combination of stage 1 and 2, the system was able to maintain the target in the microscope's FOV, but the marker was completely out of focus. Finally, in the case of a combination of all three stages, the images and movies with higher resolution were obtained in real time. Movies of the results are shown in Supplementary Materials Video S1.
In the purpose of verifying the system performance, the contrast of images was calculated using the following equations [48] :
where I represents the pixel at the coordinates (i, j) in grey level intensity. H is the height of the image, and W is the width of the image. μ is the mean intensity equal to the averaged gray level intensity of the image. Based on the results of the image analysis shown in Figure 10 , the contrast value of the system with only stage 1 was found to be very low when the chamber was stretched, because the marker was completely out of the FOV of the microscope. The marker re-appeared in the FOV once the relaxation phase of the cycle ended, thus, the image at this point can be obtained Figure 8 . A diagrammatic sketch of the method to determine the maximum displacement values in the horizontal and vertical directions. The C program was used to control the three stages and record the movements of stages 2 and 3 automatically before cyclic stretching. The linear compensation waveforms were formed automatically with the C program for the lengthening, holding, and relaxation phases based on the record. Cyclic stretching was started only after the recognition of the target by human eyes and by pressing the ENTER key.
Results
Effectiveness of the Compensation Waveforms
where I represents the pixel at the coordinates (i, j) in grey level intensity. H is the height of the image, and W is the width of the image. µis the mean intensity equal to the averaged gray level intensity of the image. Based on the results of the image analysis shown in Figure 10 , the contrast value of the system with only stage 1 was found to be very low when the chamber was stretched, because the marker was completely out of the FOV of the microscope. The marker re-appeared in the FOV once the relaxation phase of the cycle ended, thus, the image at this point can be obtained with a high contrast value. By using both stages 1 and 2, the marker still remains in the FOV of the microscope; however, the images were blurry during the lengthening and relaxation processes. This is because the marker was not able to be focused. Therefore, the contrast value decreases linearly in both processes. By using all three stages, the contract values maintain in high quality during the whole lengthening and relaxation processes since the aberration in the z-direction was well compensated compared to the other systems with only stage 1 and stage 2.
Cell Observation with a High Time Resolution
Finally, we applied cyclic stretching to the cells by using this system. The system was designed to be compact, which can be fit to the stages of conventional microscopes. In this study, an Olympus CK2 (Olympus) or the EVOS digital inverted microscope (Advanced Microscopy Group) were applied. Olympus CK2 was mainly used to investigate the effectiveness of the designed compensation strategy, and the EVOS digital microscope was used for the collection of online images of cells with transmitted light (phase contrast).
Cell culture: The MC3T3-E1 cell line (American Type Culture Collection, Manassas, VA, USA) from mouse was used, which was first cultured in Minimum Essential Medium (MEM) α (Sigma-Aldrich, Saint Louis, MO, USA) containing 10% heat-inactivated fetal bovine serum (Life Technologies, Carlsbad, CA, USA) in a flask, and then were detached with 0.05% trypsin-EDTA and seeded at a concentration of 2 × 10 4 cells/mL on fibronectin-coated membranes in a stretch chamber, and maintained at 37 • C in a humidified atmosphere for 24 h.
Cyclic stretch exposure and image acquisition: Cells on an elastic membrane under static conditions exhibit cobble-stone-like shapes with random orientation. We applied 10% cyclic stretch (stage 1 moved for 2 mm in 1 sec) to cells for 90 min. In the experiment with living cells, we added a semi-closed stage incubator to maintain the cell culture temperature (37 • C). Using a lens with a magnitude ratio 20× or 40×, the phase contrast images of cells in the FOV was monitored over a 90-min period by capturing 30 images every 1 s.
An online cell movie was obtained using a lens with a magnification of 20×, as shown in Figure 11 and Video S2. The movie shows that targets (cells for investigation) were observed clearly during a period of approximately 90 min.
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Cell culture: The MC3T3-E1 cell line (American Type Culture Collection, Manassas, VA, USA) from mouse was used, which was first cultured in Minimum Essential Medium (MEM) α (SigmaAldrich, Saint Louis, MO, USA) containing 10% heat-inactivated fetal bovine serum (Life Technologies, Carlsbad, CA, USA) in a flask, and then were detached with 0.05% trypsin-EDTA and seeded at a concentration of 2 × 10 4 cells/mL on fibronectin-coated membranes in a stretch chamber, and maintained at 37 °C in a humidified atmosphere for 24 h.
Cyclic stretch exposure and image acquisition: Cells on an elastic membrane under static conditions exhibit cobble-stone-like shapes with random orientation. We applied 10% cyclic stretch (stage 1 moved for 2 mm in 1 sec) to cells for 90 min. In the experiment with living cells, we added a semi-closed stage incubator to maintain the cell culture temperature (37 °C). Using a lens with a magnitude ratio 20× or 40×, the phase contrast images of cells in the FOV was monitored over a 90-min period by capturing 30 images every 1 s.
An online cell movie was obtained using a lens with a magnification of 20×, as shown in Figure  11 and Video S2. The movie shows that targets (cells for investigation) were observed clearly during a period of approximately 90 min. By using this system, conventional cell analysis is certainly possible (Figure 11 ), and further, detailed cellular responses within several seconds can be only figured out from the movie using the developed system with a high time resolution in this study ( Figure 12 ). As shown in Figure 11a , we can roughly analyze the morphological change of a single cell exposed to cyclic stretching from the cell movie at the time point of 0, 45, and 90 min. After exposure to a cyclic stretch for 90 min, the cell enclosed by the broken line in Figure 11a changed its shape and orientation, a phenomenon also observed using the conventional stretching systems, although the results in most of the previous studies were those analyzed from different samples with cell fixation [49, 50] . In order to classify the process of morphological change, cell morphology was further analyzed every 5 min as cell orientation and shape index with respect to the stretch direction. The outline of the target cells in each image was drawn manually, and then the cell areas, perimeters, and corresponding equivalent ellipse were obtained using a self-made macro language of software ImageJ (NIH, USA). Shape Index of a cell is expressed as Equation (4) [51] :
where A is the area, and P is the perimeter of a cell. Shape Index is a parameter demonstrating the cell elongation, which is one for the circle and zero for a line. In this study, the angle between the direction of the long axis of the equivalent ellipse and stretch direction was defined as the orientation angle of cells, which was also determined by using ImageJ. Then the time course of the morphological changes was drawn, as shown in Figure 11b ,c. From the curve of the shape index, we can observe many sudden changes, and drastic shape change was observed at approximately 85 min after cyclic stretch exposure.
Because the movie with a high time solution around 85 min was available, it is possible to investigate detailed information about the sudden change. As shown in Figure 12 , a sudden and complete rupture of the intercellular junction between cell 1 and cell 2 during six stretching-holding-relaxation cycles was confirmed. These images were captured from the middle of several stretching phases around 85 min. There was a drastic morphological change. To demonstrate this change, the distance of the center of the two cell areas was calculated. As shown in Figure 12c , the distance of the center of cells changed for approximate 10 µm during a time period of 30 s. The results demonstrate that the system can be used to record cellular changes even when the change cannot be predicted.
Further, an on-line cell movie was also obtained using a lens with a magnifying power of 40 times, as shown in Figure 13 and Video S3. 
Discussion
The advantage of this study is that a methodology to collect real-time images at the stretching and relaxation phases was established and tested. Based on the developed method, a system was developed with the capability of taking high time resolution video clips of living cells exposed to Figure 13 . Images of cells exposed to cyclic stretch captured from an on-line movie.
The advantage of this study is that a methodology to collect real-time images at the stretching and relaxation phases was established and tested. Based on the developed method, a system was developed with the capability of taking high time resolution video clips of living cells exposed to cyclic stretching continuously. Our system, therefore, provides the possibility that even unexpected cellular mechanoresponses can be detected during experiments. To the best of our knowledge, no existing research has been developed using this technique to observe cells during the two phases. Indeed, several studies have fabricated a system to get two images during a cycle: one image before the stretching phase, and the other in the holding phase. Conventionally, the focus plate of the chamber membrane will be changed after exposure to a stretch induced by a moving indenter under the chamber. To solve this problem, Huang et al. [39] developed a system with a fixed indenter underneath but a vertically moving stretch chamber. Because the indenter was fixed, the vertical position of the chamber membrane on the top of the indenter was almost constant when it was stretched. Even so, there was still a vertical shift. Therefore, they measured the volume of the maximum shift, and obtained the images before and after stretching successfully. Another effort to obtain images before and after stretching is to minimize the stretching system using microfabrication techniques, and even devices for studying the behavior of individual cells have been created. For example, Huang et al. [40] have developed a micro-stretching device with a width of approximately 250 µm. Indeed, miniaturization of a stretching device may minimize the volume of vertical shift. However, even though the device was fabricated at the micro level, there were cases where the targets moved out of the focal plane, which may depend on the magnification of the lens or the structure of the micro-device [41, 42] . Further, the quality of imaging was always dependent on the thickness of the chamber membrane, because stretch-induced thickness change was also involved in a target position change. Therefore, a theory other than system minimization to compensate for the shift is necessary, a theme which was tried by this study.
This study did not investigate the effectiveness of the methodology on real-time imaging when the chamber was exposed to a larger/smaller strain or stretching with a different type of stretch waveform (e.g., sinusoidal waveforms) other than trapezoidal ones. Indeed, if the stretch waveform was different from the waveforms used in this study, the corresponding waveforms of the vertical shift should be specially designed. One method is that researchers directly measure the displacement waveforms of the chamber membrane when exposed to cyclic stretching before experiments involved in cells, and then figure out the mathematical model of the stretching or relaxation phases, linear or non-linear ones, by curve fitting. However, a trapezoidal waveform may be the most practical one for vertical compensation of a miniaturized chamber exposed to types of stretching waveforms, and the reasons are as follows. If the vertical shift is very small (several µm to 10~20 µm), the averaged vertical shift compensated by the motorized stage at every millisecond should be very small during lengthening/relaxation. Because the averaged vertical shift for each millisecond is 0~2 µm of a lengthening/relaxation phase in this study, the shift can be compensated by sending one or two pulses (positioning accuracy of stage 3: 1 µm/pulse, and maximum drive speed of 2 µm/ms). For the stretching chamber used in this study, which had a size of 20 mm × 20 mm, the maximum vertical shift was approximate 200 µm, and for a miniaturized stretch chamber, the vertical shift may become a value smaller than 10 µm [40, 42] ; a small vertical shift only resulted from the thickness change of the membrane of a miniaturized stretch chamber. In this case, since the thickness changed gradually but not suddenly, stage linear movement (a trapezoidal waveform) should be effective for compensation.
It is challenging to use the methodology established in this study in fluorescence observation of cell organelles nowadays. There are two reasons as follows. First, fluorescence is weak in comparison to transmitted light phase contrast, and long exposure time is always necessary to improve the signal-to-noise ratio when using a conventional fluorescence microscope [52] . An essential difference of the method in this study is that the feedforward method was used and no image processing was conducted at the lengthening/relaxation phases. Although a high-speed camera such as an Electron Multiplying Charge Coupled Device (EM-CCD) or scientific-grade CMOS (sCMOS) camera may be suitable for high-speed imaging of fluorescently tagged cells (>100 fps) [53] , for a conventional fluorescence microscope, because the vertical shift was compensated at a millisecond level, there is a time limit for the collection of real-time fluorescence images because of long exposure time. Second, to observe the cell organelles using the immunofluorescence method, the stability of the stretched membrane may be influenced heavily by the culture medium in a chamber with a size of 20 mm × 20 mm and the lens is sensitive to the small vibration when the magnification is high. In the future study, for enhanced stability, a miniaturized chamber is recommended, and if such a large chamber is necessary anyway, the stability of the chamber membrane may be achieved by putting a cover glass into the area between the chamber membrane and the objective lens. The reasons are as follows. There is a weak adhesion force between the membrane and the cover glass, which may reduce the effect of vibration when using a lens with high magnifying power, although the displacement of the membrane may become smaller. Further, the adding of a cover glass is necessary for the experiments observing cell organelles using conventional silicone chambers because for the observation of organelles using high power lens immersion oil is necessary, but the silicone substrate swells with immersion oil and turns into non-uniform shape [41] . Therefore, a cover glass here not only protects the membrane from immersion oil but also stabilizes the membrane when a lens with high power is applied.
The following can be conducted to further improve the performance of the system. Displacement waveforms were specific at a different position on the membrane. It will be valuable to establish a mathematical model about the relationship between the membrane position and the displacement values (compensation values) of these positions, and combine the mathematical model to Formula (1). The combined model will be capable of predicting compensation waveforms more precisely. Next, the volume of the culture medium was a crucial factor influencing the effect of the compensation. As shown in Figures 5b and 7 , the vertical displacement of point 3 was larger in the chamber with medium addition compared to the chamber without medium addition. Indeed, a large volume of the culture medium may increase the steps of compensation and the accumulation of position deviation. On the other hand, the volume of the culture medium may also influence cell functions. For example, the volume of the culture medium influenced the differentiation of osteoblasts and osteoclasts [54] . Therefore, a trade-off is necessary. To make the system compatible with fluorescent imaging, several factors should be taken into consideration. Besides the above-mentioned high-speed camera such as an EM-CCD or sCMOS camera [53] and the methods to stabilize the membrane discussed above, it should be necessary to consider the numerical aperture (NA) and magnification (M) of the lens used in the experiments. The problem is that the brightness of the fluorescence is lower than that of the transmitted light phase contrast, therefore, a long exposure time is necessary. We noticed that brightness is proportional to NA 2 , and inversely proportional to M 2 [55] . In other words, high NA and low M may shorten the exposure time and make fluorescent imaging possible. Again, a trade-off is necessary. Last, but not the least, a microscope enclosure thermostatic chamber should be capable to improve the performance of the system when considering the effects of thermal fluctuation (characterized by space-time functions [56] ), the problem of thermal stability such as the heating non-homogeneity of the stretch chamber [57], etc. In this study, cells on the membrane of the stretch chamber were cultured within a semi-closed incubator. Indeed, temperature control may be a problem because the thermal effects may amplify the focus drift of stretch chamber. In the follow-up study, better temperature control by a thermostatic chamber may solve the problem of thermal drift and improve the ability of imaging at high magnification.
In this study, experiments on the monitoring of cells exposed to cyclic stretch were conducted to demonstrate the performance of the system. As a highlight, the drastic change of cell-cell junctions observed after around 85-min stretch was shown in Figure 12 . We showed that the system provides the ability to capture images of cell response at almost any time point except the first stretch cycle when the x and z displacements were determined. However, the interpretation of the rapid cell response after the first stretching cycles should be an issue to be worthy of consideration. As a typical phenomenon, it was reported that focal adhesions in cells increased prominently after exposure to stretch for 2 min in a previous study [28] . Here, we want to point out that the first frames collected using the system may not relevant to a rapid response (if there is such a response) at the beginning of the stretching activity.
Conclusions
In this research, the displacement of targets on a stretchable chamber was investigated in both horizontal and vertical directions. A cyclic stretch system consisting of three stages was conceptually proposed to compensate for the chamber displacement in real time. Based on this concept, a high time resolution tracking system for observing cells exposed to cyclic stretching during the lengthening and shortening phases was developed without the necessity of designing imaging timing in advance.
Image contrast values of ink markers imitating cells stay at a high level at the lengthening and shortening phases during the cyclic stretching. Further, observation of detailed cell changes at millisecond level was achieved during the stretch exposure process. In conclusion, the three-motorized-stage cyclic stretching system presents a promising platform towards the study of the immediate responses of cells exposed to cyclic stretching. 
